OH airglow observed by the ISUAL (Imager of Sprites and Upper Atmospheric Lightning) instrument on board the FORMOSAT 2 satellite is reported in this paper. The satellite is sun-synchronous and it returns to the same orbit at the same local time daily. By using this property, we can study the upper atmosphere in detail. With a CCD camera, ISUAL has measured the emission layers of OH Meinel band at 630 nm for several two-week periods in 2004 and 2007 in equatorial regions. ISUAL images are snapshots of the atmosphere 250 km (height) × 1200 km (horizontal distance). These images of OH airglow are analyzed to derive its peak height and latitudinal variations. ISUAL observation is unique in its capability of continuous observation of the upper atmosphere as the satellite travels from south to north along a specific orbit. However, 630 nm filter also measured O( 1 D) at 200 km, and there are interferences between O( 1 D) and OH airglows as as observed from a distance in space. We have studied the overlap of two airglows by simulations, and our final analyses show that OH airglow can be correctly derived with its average peak height of 89 ± 2.1 km usually lying within ±10° latitude about the equator. ISUAL data reveal detailed structures of equatorial OH airglow such as the existences of a few secondary maxima within the equatorial regions, and the oscillations of the peak latitudes. These results are discussed and compared with previous reports.
InTROdUcTIOn
In the upper atmosphere above 80 km, some layers of bright emissions are observable in the night. The phenomenon is known as airglow which has attracted great scientific quest since its discovery almost a century ago (Chamberlain 1955) . Airglow can be generally found in two height regions. In the mesospheric region at about 90 km, emissions of Na, O, OH, and O 2 can be observed which are produced mainly by neutral chemistry. A second airglow layer is lying in the ionosphere at about 200 -300 km where emissions from O, O + and other species are produced mainly by excitation due to electron and ionic collisional processes. The mesospheric OH airglow was first observed by Meinel (1950) and is known as the Meinel bands. The OH airglow is mainly generated by the exothermic chemical reaction
The OH molecule can be excited to various vibrational levels up to 9 from which transitions to lower levels are responsible for the emissions in the visible and infrared wavelengths. The chemical reaction depends on the temperature Terr. Atmos. Ocean. Sci., Vol. 21, No. 6, 985-995, December 2010 as well as on ozone density; both are important parameters for the upper mesosphere. Therefore, the OH airglow has been extensively studied to investigate the dynamics and chemistry of the upper mesosphere (Takahashi et al. 1989 (Takahashi et al. , 1992 (Takahashi et al. , 2002 Clemesha et al. 1991; Swenson et al. 1994; Hecht et al. 1995; Mendillo et al. 1997; Taylor et al. 1997; Melo et al. 1999 ). In the past, OH airglow has been studied in space by rockets (McDade et al. 1987; Clemesha and Takahashi 1996; Baker and Stair 1988) and several satellite instruments including AE (Atmosphere Explorer E) as reported by Abreu and Yee (1989) , WINDII (Wind Imaging Interferometer) and HRDI (High Resolution Doppler Interferometer) both on board the UARS (Upper Atmospheric Research Satellite) reported by Yee et al. (1997) and Zhang and Shepherd (1999) . More recently, SABER (Sounding of the Atmosphere using Broadband Emission Radiometry) on board TIMED (Thermosphere Ionosphere Mesosphere Energetics and Dynamics) satellite has been reported by Marsh et al. (2006) and Baker et al. (2007) . Compared with ground based measurements, space measurements can provide data about the height and global distributions. For example, both HRDI and WINDII instruments have observed the equatorial enhancement resulting from tidal effects in the upper atmosphere (Yee et al. 1997; Zhang et al. 2001) . Similarly, SABER instrument has shown the equatorial enhancement of OH airglow and the effects of diurnal tides in the low latitudes (Marsh et al. 2006 ).
The FORMOSAT 2 satellite which was launched on 20 May 2004 has an optical instrument named ISUAL (Imager of Sprites and Upper Atmospheric Lightning (ISUAL) and is used for studying various transient optical emissions produced in the upper atmosphere. By using six filters centered at airglow wavelengths, a CCD camera can observe several types of airglow layers including the red line O( 1 D) (630 nm), green line O( 1 S)(557.7 nm), OH (630 nm), and O2 A-band (762 nm). The OH airglow in the (9,3) band of the Meinel band system has a few lines included in the band pass of the 630 nm filter. The characteristics of all filters are shown in Table 1. FORMOSAT 2 satellite has a sun synchronous orbit with an inclination angle 98.9°, so that it returns to the same orbit twice daily at the same local time. Thus, ISUAL is able to study the airglow in the upper atmosphere continuously and repeatedly everyday, which is quite unique compared with many other non sun-synchronous satellites that require many months to return to the same local time. With this continuous daily observation, ISUAL can measure the atmosphere in detail for small variations with scales of a few hundreds kilometers. As will be shown, ISUAL is able to measure airglow intensity over extended regions in scrutiny and to reveal fine latitudinal dependence. Additional advantage of ISUAL is the limb view observation such that integrations of signals along the line of sight can produce enhanced effect for weak emissions. Similar limb view observations have been reported by Mende et al. (1993) made by using an instrument from the Space Shuttle. Mende et al. (1993) reported OH emission had an intensity of over 1300 Rayleigh at a single wavelength 625.6 nm by using a spectrometer. Although the Meinel band intensity depends on the band wavelength and instrumental characteristics; however, it is easy to see that signals integrated from the limb view path length over 500 km is much larger than that from the vertical column of about 20 km if observed from the ground.
The primary purpose of the present research is to develop the methodology for analyzing the 630 nm airglow observed by ISUAL. The ISUAL instrument with its fine spatial resolution for airglow study has been mentioned. The higher performance also means more challenge in terms of analysis of images. Regarding the 630 nm airglow, it includes two emissions at different heights Simultaneous measurements of two level airglow has not been made from space before. As will be shown here, ISUAL can indeed observe interesting physics related to the upper atmospheric dynamics. More studies will be made in the future following this one. This paper is organized as follows. The next section describes about the satellite and instrument information, including the CCD instrument and its characteristics. In section 3, the data processing of two-layer airglow will be described. We will show how to process the ISUAL images to derive information about airglow height and intensity. In section 4, we describe a simulation study for understanding various interfering phenomena caused observations of double layer airglow of O( 1 D) and OH. In section 5, we discuss three separate results: latitude and height distribution, equatorial enhancement, and peak latitude oscillations observed during several periods in 2004 and 2007. Fig. 1 . The OH airglow was usually measured from orbits 10 and 11 at approximately midnight local time by looking at a direction perpendicular to the satellite's path (to the north) over a distance about 3000 km eastward from the satellite orbit. Therefore, airglow lying above the orbit 8 or 9 is observed while the satellite was moving along orbits 10 and 11 from south to north in the night side of the earth. The highest latitude observed is determined by the darkness of sky background. For summer time in the northern hemisphere, the observed latitudes are usually low (about 30°) because of solar scattering from the dayside atmosphere that will enhance the background signals such that the instrument will be turned off.
ISUAL has a CCD camera along with several photometers to observe the atmospheric emissions. The CCD camera has a micro-channel plate to enhance the signal condition. The instrument nominally points approximately 26°down from the local horizontal with a field of view of 20° horizontal and 5° vertical. Each CCD picture has 524 (horizontal) × 128 (vertical) pixels corresponding to a window of 1200 km × 270 km of the upper atmosphere as shown in Fig. 2 . A spatial resolution of about 2.14 km per pixel has been determined from the calibration. The whole picture covers about 10 degrees of latitudes and heights up to ionosphere depending on the satellite attitude. More information of the scientific objectives, the payload instrument, and operation modes of the ISUAL project are given by Chern et al. (2003) . Descriptions about the observations of airglow at 630 nm by ISUAL have been described in separate papers (Nee and Peng 2008; Rajesh et al. 2009 ).
The observation can be made by any one of six different filters to spectrally select the observational wavelength. The #3 filter centered at 630 nm with a FWHM of 7 nm was designed to observe O( 1 D) airglow; however, it also sees the (9,3) band of the Meinel bands of the OH airglow. Although the (9,3) band is relatively weak, it is enhanced by the limb view observation because of integration of the emissions over a long path along the line of sight. Depending on the pitch angle of the satellite, ISUAL can measure OH airglow only (including some earth surfaces), or measure higher heights up to ionosphere to include both OH and O( 1 D) airglows. Figure 2a shows an image of a single layer of OH airglow and Fig. 2b shows two layers of airglow of O( 1 D) and OH. In Fig. 2a or b, the images appear to be brighter in the left hand side than the right hand side because there are two CCD chips joined together in the camera.
In 2004 when the satellite was just launched, ISUAL underwent several test periods, one of these was the observa-tion of the 630 nm airglow from 7 to 13 October 2004 (Nee and Peng 2008) . The continuous measurements were carried out each day (except 12 October) to produce 129 records of airglow images each consisting of 120 × 524 pixels covering a range of 250 km (in height) × 1200 km (horizontal, or about 10 degree latitudes) as shown in Fig. 2 . There are large overlaps of latitudes between neighboring records which consume a lot of computer memory. This practice was changed in 2007 so that only 40 records were taken later, although 40 records still produce large overlaps. But averaging of these images will give a good signal to noise ratio.
dATA PROcESSIng
The daily 40/129 records carry useful information about the latitudinal coverage of the OH airglow. These pictures are processed to study airglow variations over height and latitude by the following method. First, each image is treated by binning the central 10 columns to derive a horizontally averaged profile. Then all 40/129 records measured for the day are combined to produce a contour diagram as shown in Fig. 3 . Selection of central pixels can avoid the edge effect in imaging processing since the side pixels are less accurate in the radiometry calibration. Also, the longitude and latitude of the pixels are determined by a projection based on the satellite position and orientation. We found the side pixels are less accurate in determining the longitude and latitude compared with the central ones. By binning more pixels (such as 70 or 100 central pixels), we found similar results but with reduced detailed structure in airglow images produced.
Airglow vertical profiles are derived by an onion-peel retrieval process employed in the WINDII data processing with the procedures explained in Fig. 4 for the 30 th record of the day (7 October 2004). As shown in Fig. 4a , the 250 th column in the image is fitted linearly to find the background signals, which are mainly contributed by various atmospheric emissions and instrument noises. The background level is determined by a line fitting of the upper and lower regions. Figure 4b shows the height distribution of signals after removing the background. The resulting signals show fluctuation and spikes due to irregular pixels or electronic noises. The smoothed airglow signals are then carried out to derive the vertical distribution of integrated emissions in Rayleigh unit as shown in Fig. 4c . Finally OH profile in terms of volume emission rate (photons cm -3 -s) is derived as shown in Fig. 4d . A total of 40 or 129 profiles are combined to derive the peak emission and height of the day as shown in Table 2 .
SIMULATIOn

ISUAL observes O(
1 D) and OH airglow simultaneously with images sometimes showing extended signals lying between O( 1 D) and OH layers. In Fig. 3 , we have already seen both layers are connected with weak emissions. Figure 5 shows results of a global measurement carried out in 2009 for double-layer airglow as the satellite traveled through all 14 orbits for two days. The results are not analyzed in this paper but used for explaining the overlap of signals. Figure 5a shows an example of serious interferences where enhanced signals lying not only between the two airglow layers but also below the OH airglow extending down to about 50 km. The enhanced layers can be real due to strong activities in the upper atmosphere, but more likely caused by interferences from the upper layer O( 1 D) as shown in Fig. 5c (Figure 5b is the inverted result to be Fig. 6a . By integration of signals along the line of sight, a synthetic image can be produced as shown in Figs. 6b -c. These synthetic images are then retrieved with the inversion processes to re-derive the original airglow distribution as shown in Fig.  6c . We found for cases of overlapped emission layers with thick widths of over 100 km as shown in Fig. 6a , the original peak heights of both airglow layer can still be derived by the retrieval processes, although there is a undercut at the shoulder or bottom part of the airglow layer. However, the peak latitudes for both O( 1 D) and OH are retrieved. We are therefore confident that the retrieval software can produce realistic height and profiles of airglow. Figure 5b in the previous graph shows results of inverted process, where overlapping layers below O( 1 D) and OH are removed and original height distributions are derived.
RESULTS And dIScUSSIOn
Latitude and Height distribution
Results of OH airglow measurements carried out in October 2004 and 2007 (for weeks in April, October, and November) are summarized in Table 2 . Based on processes described above, the average peak heights of OH airglow are determined for each period. Results of Table 2 may present seasonal dependence and long term variation (and could be related with solar effect after the 2005 -06 solar minimum); however, more future data are needed to confirm this point. The average of all data gives the (9,3) band a peak height of 88.9 ± 1.9 km and volume emission rate 574 ± 97 (photon cm -3 -s). The peak latitudes lie within equatorial latitudes of about ±10°, consistent with equatorial enhancement.
The average peak height reported here may be compared with previous studies. HRDI data showed OH airglow with an average peak height of 88 km (Yee et al. 1997) , and WINDII data show a peak height of 87 km (Zhang and Shepherd 1999) . Liu and Shepherd (2006) reported a Gaussian fitting with peak height about 86 km for equatorial latitudes from -20 to 20 degree (A typical integrated emission rate from their Fig. 2 is 60 Rayleigh. By using their Table 1 for a1 = -0.0673, we get the typical altitude 89.6 + (-0673 * 60) = 85.5 km, neglecting the seasonal terms.). Mende et al. (1993) reported the limb view OH airglow with a height of 88 km. Baker and Stair (1988) by various rocket flights found the peak height of OH airglow might vary between 82 and 99 km, depending on location (latitude and longitude), observation strategy, and OH vibrational state. The mean rocket height for OH airglow was 86.8 ± 2.6 km with a layer thickness of 8.6 ± 3.1 km. The difference in peak heights of ISUAL and WINDII is within one pixel resolution (2.14 km). Actually, all satellites observed OH by different strategies. WINDII observed a single rotational line: the P(3) line of (8,3) band, HRDI for (9,4) band, and SABER for several bands with upper level v' = 4, 5, 8, and 9 and emissions in the infrared wavelengths. Therefore, we expect some differences in OH airglow peak heights from these measurements.
There is a concern about the dependence of the peak height on the internal state of OH molecule which is related with the production mechanism. The (9,3) band is the highest level produced by reaction H + O 3 · OH (v' = 9) can only decay to lower vibrational level v', but lower levels may be produced from chemical reactions, radiating or relaxation from upper level. In addition to H + O 3 , excited states of OH may be produced by O + HO 2 or H + HO 2 for OH (v' ≤ 6). The relaxation depends on collisions with ambient atmosphere. Therefore, vibrational levels of OH may ' = 6 -9 (Le Texier et al. 1987; McDade et al. 1991) . By using SABER infrared data, which measured v' = 4, 5, 8, and 9 of OH, Baker et al. (2007) show the height difference of a few kilometers between the higher and lower vibrational levels. Future studies of the height dependence will be useful for understanding the chemistry of OH airglow as well as the dynamics and photochemistry of the mesopause region.
Equatorial Enhancement
Since ISUAL is able to continuously scan the upper air as the satellite travels around the earth, structures of airglow layers can be carefully scrutinized. As shown in Fig. 7a , the contour diagram of OH airglow for 14 April 2007 shows several maxima in equatorial region varying from the Southern Hemisphere to Northern Hemisphere. On 7 August 2007, as shown in Fig. 7b , we found these maxima in the equatorial regions are lying at latitudes -6.7°, 4.1°, 8.7°, and 11.8°, with northern peaks stronger than the southern ones. Secondary maxima lying near mid-latitude at about ±20° also exist, but they seem to have less intensity than those of the equatorial maxima. Figure 8 shows the contour diagrams for OH airglow on 9 -13 August. We can easily observe multiple peaks for most of the day. On 12 August, the equatorial enhancement is particularly strong with intensity enhanced over 15° of latitudes. We are currently investigating this particular event in terms of the dynamics of the mesosphere.
Diurnal tide propagation is considered to be a major mechanism for equatorial enhancement of airglow intensities. OH airglow can be enhanced by reaction (1) because of the increment of O 3 caused by transport of oxygen atoms from the upper level, or by temperature perturbations in the mesosphere (Abreu and Yee 1989; Zhang and Shepherd 1999; Marsh et al. 2006) . Variation of airglow intensity can be also caused by the gravity waves as reported by many authors using various ground based imaging instruments (Swenson and Mende 1994; Hecht et al. 1995; Taylor et al. 1997; Fritts and Alexander 2003; Shiokawa et al. 2003) . Wave activities in equatorial regions can cause intensity variations of 50% at a fixed site (Hecht et al. 1995) . The small scale variation found by ISUAL seems to be more likely related with the gravity wave activities in the low latitudes, which are abundant due to convectivity in the region (Oberheide et al. 2002) . The scale of variation due to tidal effects is expected to be larger.
Peak Latitude Oscillations
Compared with previous studies which all showed equatorial enhancement, ISUAL can locate the position of variations more accurately. Figure 9 shows plots of the variations of the peak latitudes with day number based on the 2007 data. The peak latitudes in August show a smooth variation; however, data of October and November data show oscillations of peak latitudes from south to north. The oscillations are with periods of two to three days. Similar oscillation was observed in October data in 2004 as reported by Nee and Peng (2008) .
Previous ground based observations of O, Na, OH, and O 2 airglow have shown intensity variations of a two day period (Takahashi et al. 2002) . Ward et al. (1996) reported a two-day wave for the green line airglow from WINDII observations, with the strongest signals in July and August and a weaker signal in October. Radar wind data have shown two-day wave in the mesospheric regions (Harris and Vincent 1993; Fritts and Isler 1994; Thayaparan et al. 1997 ).
Seen at ground at a fixed point, airglow intensity will show a two day variational period as showed in these reports. Observed from space, ISUAL will see a different pattern compared with the ground based observations since the satellite travels through a range of latitudes. However, variation of peak emission with a south-north oscillation as observed by ISUAL will also result a two day oscillation if observed from ground. The similarity is not completely established, but more observations will help to understand these activities in the future.
cOncLUSIOnS
OH airglow is observed by FORMOSAT 2 satellite by using a CCD camera at 630 nm. The FORMOSAT 2 satellite with its sun-synchronous orbit and limb view observation has an advantage to measure atmospheric variations in detail. In this paper, we report methodology developed for analyzing ISUAL data. ISUAL observations of 630 nm double layer airglow provide interesting data for analyzing the phenomena but also present difficulties in analysis. The image processing and data retrieval are discussed and sim- previous data, but differences can exist due to observational strategy. ISUAL data supports not only the equatorial enhancement, but also fine structure variations of airglow in equatorial regions such as presence of multiple maxima. Furthermore, the peak latitudes show an oscillation period of two to three days.
